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GENDER DIMORPHISM IN TETRADIUM DANIELLII (RUTACEAE): FLORAL BIOLOGY,
GAMETOGENESIS, AND SEXUAL SYSTEM EVOLUTION
Qingyuan Zhou,1 ,* Robert I. Bertin,2 ,y and Dezhi Fu*
*Institute of Botany, Chinese Academy of Sciences, Beijing 100093, China; and yBiology Department,
College of the Holy Cross, Worcester, Massachusetts 01610, U.S.A.

We investigated the sexual system, floral biology, sporogenesis, and gametogenesis of Tetradium daniellii
(Bennett) Hartley, which possessed distinct male and monoecious sexual phenotypes. Male individuals
produced almost exclusively male flowers. In the years 2000–2002, the protandrous monoecious individuals
had male and female flowering phases completely separated in time within and between the plants, while in
2003 and 2004, slight overlap of male and female functions occurred. During early floral development, all
flowers were hermaphroditic. Dimorphic unisexual flowers resulted from later selective abortion of the
gynoecium or androecium. Male flowers and their pollen in the two sexual morphs did not significantly differ
in structure. Pollen grains from male flowers on both male and monoecious plants were fertile and could
germinate on the stigmas of female flowers on monoecious plants. Maturation of female gametophytes in
monoecious plants coincided with the release of the three-celled pollen in the male plant. We propose that the
sexual system of T. daniellii has arisen from hermaphroditism and is likely to lead to dioecism.
Keywords: sexual system, floral biology, gametogenesis, evolution, Tetradium daniellii, monoecy.

Introduction

(2000) revealed that protogyny did not reduce selfing in Aquilegia canadensis (Ranunculaceae). These studies and many
others led to the recent and widely accepted reinterpretation
of dichogamy as a more general mechanism for reducing the
impact of pollen-pistil interference on pollen import and export (Bawa and Beach 1983; Lloyd and Webb 1986; Bertin
and Newman 1993; Dinnétz 1997; Barrett 2002b).
Tetradium daniellii (Bennett) Hartley, a medium-sized tree
native to northern China and Korea, belongs to the Rutaceae, a large, widely distributed family comprising ca. 155
genera and 1600 species (Chase et al. 1999). Sexual systems
in this family include hermaphroditism and dioecism. Dioecism is common in the subfamily Toddalioideae, to which the
genus Tetradium belongs. The genus consists of nine species
and is distributed from the Himalayas eastward to Japan and
Java and Sumbawa in the south (Hartley 1981). Tetradium
daniellii has been described in some floras as dioecious, like
the other members of this genus (He et al. 1984, 1988;
Huang 1997). However, we found in T. daniellii two distinct
sexual phenotypes: protandrous monoecious individuals
and males. Here, we report this as the first case of interfloral
dichogamy in the Rutaceae.
The sexual system of T. daniellii combines sexual dimorphism (male and monoecious individuals) and dichogamy
(protandry). This sexual system has not been reported in angiosperms previously. Little information is available concerning the sexual system, floral biology, and gametogenesis of
the genus Tetradium. Studies of floral biology and gametogenesis are valuable for understanding sexual systems, and
this motivated our study of T. daniellii. Our aims were (1) to
elucidate details of the dimorphic sexual system, (2) to investigate floral development and compare patterns of ontogeny
among the flowers of the two sex morphs, (3) to present

Flowering plants display a wide variety of sexual systems,
including two basic patterns of gender variation: monomorphism (e.g., hermaphroditism, monoecism, and andromonoecism, with one sex form in a population) and dimorphism (e.g.,
dioecism, androdioecism, and gynoedioecism, with two different sex forms in a population). A few species exhibit more
than two sex forms or have variable sex forms (Westergaard
1958; Baker and Cox 1984; Lloyd and Bawa 1984; Dommée
et al. 1990; Ramadan et al. 1994).
Dichogamy refers to a temporal separation of male and female sexual functions. It is of two forms: protandry, in which
pollen is dispersed before stigmas are receptive, and protogyny, in which stigmas are receptive before pollen is dispersed
from anthers. Dichogamy may be expressed within a flower
(intrafloral dichogamy) or among flowers (interfloral dichogamy) (Lloyd and Webb 1986). The male and female sexual
functions usually overlap in part (incomplete dichogamy,
e.g., Acer saccharum) (Gabriel 1968) but sometimes are completely separated (complete dichogamy, e.g., Grayia brandegei, Umbelliferae) (Stout 1928; Webb 1981; Lloyd and Webb
1986; Pendleton et al. 1988). Historically, dichogamy has
been interpreted as a mechanism restricting self-fertilization
and promoting outcrossing. However, a survey of more than
4200 species of angiosperms by Bertin and Newman (1993)
indicated that self-incompatible plants, which are incapable
of inbreeding, were as likely to be dichogamous as were selfcompatible plants. The experimental analysis of Griffin et al.
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gametogenesis data and examine whether female and male
gametophyte development is synchronized in the two sexual
phenotypes, (4) to investigate the fertility of pollen from male
and monoecious trees, and (5) to analyze the evolution of the
sexual system of the species.

bagged 1 d before flowering. They were self- or cross-pollinated
with pollen from their own tree or a male tree, respectively.
The pollinated female flowers were then collected at intervals
of 1 h and fixed in FAA. Pollinated pistils were stained with
decolorized aniline blue for pollen tubes and examined with
fluorescence microscopy or observed with SEM.

Material and Methods
Results
The Sexual Morphs
In the Taihangshan Mountains of northern China, we observed in 2000 that three natural populations of Tetradium
daniellii contained male and monoecious sexual morphs. From
2001 to 2004, we studied adult male and monoecious trees cultivated in the Botanical Garden, Institute of Botany, Chinese
Academy of Sciences, Beijing, which is within the natural range
of this species. In 2004, we also made detailed phenological
studies of the sexual system of the species in the natural population at Yunmengshan Mountain. Because male and female
flowers are clearly distinct after opening, the sex of each tree
was easily determined. During observations in four successive
years from 2001 to 2004, we recorded blooming stages of flowers in each sexual morph and studied the position of female
flowers in inflorescences in the monoecious plant.
We also examined the sexual system of T. daniellii using
34 flowering herbarium specimens collected from various regions of China and deposited in PE: SNJ Expedition 10551,
Wu 69, Liu 10510, Chow 40489, Cai 50260, Liou 577, Liu
779, Liu 13210, Liu 581, Liou 1008, coll. unknown 13367,
coll. unknown 6445, Chung 5235, Wang 11012, coll. unknown 2254, Biaobenshi 2051, Guan 05594, Biaobenshi
3421, Chow 40489, Liu 581, Liu 13078, Liou 3215, Bao
1447, Luo 0167, Chiao 2942, Chiao 2708, coll. unknown
20105, Henandui 0269, Henandui 1447, Henandui 1090,
coll. unknown 4133, Hao 3548, Zhou 011, Li 43244.

Sexual System
Direct observation of individual plants of Tetradium daniellii at anthesis revealed the presence of two sexual morphs
(male and monoecious). Male individuals generated only
male flowers in the years 2001–2004 (fig. 1B), although in
2002, one male tree produced one female flower in addition
to numerous male flowers. The period of blooming of this

Gametogenesis
The fixed male and female flower buds of the two sexual
morphs were dehydrated in an alcohol series and embedded
in paraffin wax. Serial sections were taken at 7–9 mm, stained
with Heidenhain’s iron-alum hematoxylin, counterstained
with fast green, and photographed under an Olympus BH
light microscope.

Floral Development
We collected floral buds at various developmental stages
from male and monoecious plants in 2002 and 2003 and immediately fixed them in FAA (90 mL 50% ethanol, 5 mL glacial acetic acid, 5 mL 37% formalin). The fixed buds were
dehydrated in an ethanol series, dissected and studied in 95%
ethanol with the dissecting microscope, and then transferred
through an ethanol iso-amyl acetate series, critical-point dried,
mounted on a metal stub, and sputter-coated with gold palladium. The flower buds were observed and micrographs were
taken with a Hitachi S-800 scanning electron microscope (SEM)
at 30 kV.

Pollination Experiments
In 2002, we conducted pollination experiments. At the
stage of male flowering in the monoecious trees, pollen was
collected and stored at 18°C until use. Female flowers were

Fig. 1 Schematic diagrams of the first-order inflorescence branch
of the two sex forms. A, Sex expression pattern of the monoecious
plant. B, Sex expression pattern of the male plant.
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female flower was identical to that of the female flowers on
monoecious plants. It developed into a follicular fruit containing normal seeds.
The beginning of male flower anthesis in male plants was
concurrent with the beginning of female flower anthesis in
the monoecious plant during our observations in the years
2000–2004 (fig. 2). The blooming period of male flowers in
male trees lasted for 25–29 d, until the fruit development of
the monoecious plants had reached the midstage. In contrast,
the blooming period of the male flowers in monoecious
plants was short, ca. 8–13 d.
Monoecious trees produced male and female flowers at different times and at different positions in the same inflorescence (fig. 1A). Male flowers were borne terminally on
inflorescence branches of all levels except for the main inflorescence axis and were sometimes borne laterally on the ultimate branches. All female flowers were borne laterally on the
ultimate branches of the inflorescence. Anthesis of male flowers preceded that of female flowers in the 5 yr of our study
(fig. 2). The male flowers abscised 1–2 d after they opened
and shed pollen.
We observed no overlap of anthesis between male and female flowers within or between monoecious plants in 2001
and 2002 (fig. 2) as well as in the three natural populations
we observed in 2000. In 2003 and 2004, however, 0.1%–
0.2% of the male flowers on monoecious plants remained
open when ca. 0.2%–0.4% of the female flowers on different
inflorescences began to open on the same plant. Thus,
99.8%–99.6% of the female flowers opened only after all
male flowers on the same plant were finished, and the overlap between male and female sexual functions within a monoecious plant was very slight (fig. 2). Between plants of the
monoecious morph, roughly 1% overlap of the two sexual
functions occurred in 2003 and 2004.
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Our studies of herbarium specimens revealed only male
flowers in large inflorescences on some sheets and both male
and female flowers in inflorescences on other sheets. We believe the former were collected from male individuals and the
latter from monoecious plants. On monoecious specimens,
female flower buds were still young when few male flowers
remained, indicating the presence of interfloral protandry.

Floral Development—Flowers
All flowers of T. daniellii are unisexual and pedicellate,
with little difference between structures in male flowers on
male and monoecious individuals. All flowers consisted of five
sepals, five petals, five stamens, and five carpels in separate
alternate whorls. The male flowers displayed well-developed
stamens and a rudimentary gynoecium, while female flowers
in monoecious individuals exhibited rudimentary stamens
and a well-developed gynoecium.

Early Development
Early development of the inflorescence was similar in male
and monoecious individuals. The inflorescence apical meristem generates bracts in distichous phyllotaxy (fig. 3A), producing a distichous compound inflorescence with first-,
second-, third-, and fourth-order branches. The first-order
inflorescence axis is indeterminate and does not produce a
terminal flower. Each first-order bract subtends a secondorder inflorescence apex (fig. 3A). Each second-order inflorescence apex produces two opposite second-order bracts
successively and a terminal floral apex (fig. 3B). The process
is repeated with the formation of the third-, fourth-, and
fifth-order inflorescence apices. The ultimate unit contains
three flowers: an ebracteate terminal flower and two bractsubtended lateral flowers. The development of the lateral
flowers is later than the terminal ones. In monoecious plants,

Fig. 2 Flowering time and duration of male and monoecious individuals of Tetradium daniellii from 2001 to 2004.

Fig. 3 Floral development of Tetradium daniellii (SEM micrographs). A, Inflorescence apex with first-order bracts in distichous phyllotaxy. B,
Second-order inflorescence apex. C, First sepal primordium is initiated in the floral apex. D, First three sepal primordia have been initiated. E,
Fifth sepal primordium is initiated between the second and third. F, Floral apex assumes a pentagonal shape after the production of sepals. G, Five
petal primordia are initiated almost simultaneously. H, Five petal primordia differ slightly in size and shape soon after their production. I, Floral
meristem enlarges conspicuously and appears pentagonal with the growth of the petal primordia. J, Five stamen primordia are initiated
simultaneously. K, With the growth of stamen primordia, the floral apical dome enlarges and becomes convex. L, Floral apex develops the five
corners with the enlargement of stamens. B ¼ bract; IF ¼ inflorescence; F ¼ flower; S ¼ sepal; Pe ¼ petal; St ¼ stamen. Scale bars ¼ 50 mm.
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the lateral flowers were predominantly female but occasionally male.
All flowers follow the same process of organogeny at the
early stages of development. The first sepal primordium is
initiated on the abaxial side of the floral apex (fig. 3C). The
second sepal primordium is oppositely produced adaxially in
close succession (fig. 3C). The third one is formed abaxially
beside the first (fig. 3D). The fourth is generated laterally
between the first and second (fig. 3E). The fifth is initiated
laterally between the second and third (fig. 3E). The order of
sepal primordia initiation is helical. Following the initiation
of sepals, the floral apex assumes a pentagonal shape (fig.
3F). As the corners around the apical dome elongate radially
to a similar degree, the five petal primordia are initiated almost simultaneously on them (fig. 3G). The five petal primordia differ slightly in size and shape soon after initiation. The
three primordia in the abaxial side are larger than the other
two in the adaxial side (fig. 3H).
With the growth of the petal primordia, the floral apical
meristem enlarges conspicuously and becomes pentagonal
(fig. 3I). A whorl of five stamen primordia is initiated closely
in time in alternation with the newly formed petals and in direct alignment with the sepals (fig. 3J). At this stage, the five
petals become laminar and curve inward. When the stamen
primordia enlarge in volume and appear more or less hemispherical, the floral apical dome becomes obviously convex
and ca. 100 mm in diameter (fig. 3K). The apex simultaneously develops five corners around the dome when the
stamens are 60 mm high (fig. 3L). Subsequently, the carpel
primordia are produced on the five corners (fig. 4A). The
adaxial two-carpel primordia grow slowly and are relatively
small in size (fig. 4A), but later the size difference of the fivecarpel primordia is not evident.
As the carpel primordia are constantly raised and begin to
undergo marginal growth, the distinction of carpel development between male and female flowers becomes obvious. In
the female flower, carpel primordia actively undergo lateral
growth and become radially thick (fig. 4B), whereas in male
flowers, lateral growth is weak and carpel primordia show
little radial thickening (fig. 4C). As the carpel primordia vigorously grow marginally in the female flower, the carpel
clefts become evident and then deepen (fig. 4B, 4D). As a result, they appear chair shaped in outline. With carpel primordia growth, their abaxial sides become smooth. In contrast,
as the carpel primordia in the male flower develop margins
poorly, the carpel cleft is not obvious, and the median ridge
is evident on the abaxial side of the carpels (fig. 4E).

Differentiation
Male flowers. Male and female flowers follow a similar
pattern of development of sepals and petals. The mature sepals are persistent and have hairs on the abaxial side. At anthesis, the white petals are much larger than the sepals and
are slightly imbricate. They are glabrous abaxially and hairy
adaxially.
In male flowers, the stamens surpass the carpels in height
throughout the process of floral development. The stamens
are well developed and differentiated into anthers and filaments. At first, a median groove is evident on the adaxial
side of the five stamens (fig. 4J). Shortly thereafter, lateral
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grooves appear, and microgametogenesis takes place (fig. 4J).
At anthesis, the anthers produce copious fertile pollen in
the male flowers of male and monoecious individuals, and the
filaments are much elongated and covered with hairs at the
base. In the gynoecium of male flowers, both margins of carpels remain unfused and open throughout organogenesis.
The carpels never differentiate into stigma, style, and ovary
(fig. 4G) and do not produce placenta and ovule. When the
rudimentary carpels begin to produce hair, the common gynophore develops between the carpels and stamens (fig. 4G).
As anthesis approaches, the underdeveloped carpels degenerate, and their abaxial surface becomes covered with dense
hair. The five rudimentary carpels are contorted and spread
outward, and the gynophore becomes enlarged and reddens
(fig. 4H).
Female flowers. Soon after the carpel clefts form, the
carpels exceed the stamens in height (fig. 4F). These stamens
never differentiate into anthers and filaments (fig. 4F), and
microgametogenesis never occurs. With the fusion of carpel
margins, the stamens degenerate and change in shape, eventually forming a simple linear structure pubescent at the margins (fig. 4I). The five carpels are well developed and finally
form a pistil consisting of a five-locular ovary, a short style,
and a depressed-capitate five-lobed stigma (fig. 4I). An obvious gynophore is produced at the base of the ovary. Each
ovarian locule contains two ovules. At anthesis, the ovary becomes glandular-punctate and is sparsely hairy (fig. 4I). At
the mid and late stages of fruit development, one to three
carpels cease to grow and eventually abort. The subapocarpous gynoecium finally develops into a follicular fruit
with two smooth, shiny seeds of different sizes that remain
attached in the dehisced follicle.

Gametogenesis
Development of anther wall and male gametophyte—male
individuals. The anthers are tetrasporangiate with a persistent epidermis, the cells of which are thin walled and later
become greatly stretched. The development of the anther
wall conforms to the dicotyledonous type of Davis (1966)
and consists of epidermis, endothecium, middle layer, and tapetum at the early stages of microgametogenesis (fig. 4K).
Cells of the secretory tapetum acquire a dense cytoplasm and
are most prominent at the time of meiosis in the microspore
mother cell (fig. 5A). Mitotic division in the tapetal nucleus
results in a two- to four-nucleate condition. The two to three
middle layers begin to disintegrate at the early tetrad stages
and essentially disappear by the microspore stage (fig. 5B).
By the time when pollen grains are two celled, the tapetum
has disappeared completely (fig. 5C). Following tapetal
breakdown and formation of pollen grains, the endothecial
cells enlarge and develop fibrous thickenings on the radial
and inner tangential walls (fig. 5C). As the cells forming the
partition between the two adjacent microsporangia on each
side of the anther disintegrate, the once-tetrasporangiate anther becomes bilocular (fig. 5C). At maturity of the pollen,
the anther splits longitudinally and shows sticky pollen surrounded by a yellow oily substance.
Each microsporangium contains numerous sporogenous
cells after formation of the anther wall (fig. 4J). They enlarge
and differentiate into microspore mother cells. Individual

Fig. 4 Floral development of Tetradium daniellii (SEM micrographs). A, Five carpel primordia have been produced. B, Five young carpels and
one young stamen of a female flower. C, Five young carpels and two young stamens of a male flower. D, Carpel clefts constantly deepen in female
flowers (one carpel is removed). E, Carpel clefts are not obvious, and the median ridges are evident on the abaxial side of the carpel in a male
flower. F, Carpels exceed the stamens in height, and the differentiation of the stamens does not occur in female flowers. G, Common gynophore
begins to form on the base of the carpels in a male flower. H, Rudimentary carpels and conspicuous gynophore of a male flower at anthesis. I,
Pistils and rudimentary stamens of a female flower at anthesis. J, K, Anatomy of anther in T. daniellii (light micrographs). J, Transection of anther
primordium with four microsporangia. K, Sporogenous cells and anther wall. Ca ¼ carpel; Gp ¼ gynophore; St ¼ stamen. Scale bars ¼ 50 mm for
A–G, 300 mm for H and I, and 90 mm for J and K.
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Fig. 5 Pollen development (light micrographs). A, Part of anther lobe at prophase I of meiosis of the microspore mother cells. B, Microspore
cell has just been released from the tetrad. C, Endothecium of the anther at the two-nucleate pollen stage. D, Tetrahedral tetrads are formed. E,
Microspores are enlarging. F, Nucleus of the microspore is pushed toward the wall because of the appearance of a vacuole. G, Generative cell
enters the cytoplasm of the vegetative cell (long arrow ¼ vegetative cell, short arrow ¼ generative cell). H, Three-celled pollen grains are produced
(long arrow ¼ vegetative cell, short arrow ¼ generative cell). I, J, Mature pollen grains of male and monoecious trees, respectively (SEM
micrographs). K, L, Longitudinal sections of ovules. K, Primary parietal cell (short arrow) and sporogenous cell (long arrow) are produced as
a result of the division of the archesporial cell. L, Deep-seated megaspore mother cell (arrow). oi ¼ outer integument; ii ¼ inner integument. Scale
bars ¼ 30 mm for A–E, G, H, K, and L; 12 mm for F; and 4 mm for I and J.
207
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microspore mother cells become enclosed in a thick callose
wall when their nuclei enter prophase of meiosis I (fig. 5A).
Meiosis is followed by simultaneous cytokinesis and results
in tetrahedral microspore tetrads (fig. 5D). With the breakdown of the callosed walls, the microspores are released
from the tetrad (fig. 5B). They enlarge and acquire thick
walls (fig. 5E). Then, formation of a large vacuole pushes the
single nucleus toward the wall (fig. 5F). With an asymmetric
division of the nucleus, a small generative cell and a large
vegetative cell are produced. The generative cell then moves
into the cytoplasm of the vegetative cell (fig. 5G). There it
undergoes mitosis to form two small sperms before shedding
(fig. 5H). At the shedding stage, the pollen grains are packed
with granular contents. The mature pollen grains are three
celled, spherical, and tricolporate, and the exine patterning is
reticulate (fig. 5I, 5J).
Development of anther wall and male gametophyte—
monoecious individuals. There is little difference in patterns
of anther wall and male gametophyte development between
male and monoecious individuals. Pollen grains in monoecious individuals do not differ significantly in structure from
those in male individuals (fig. 5I, 5J).

Megasporogenesis and Development of
Female Gametophyte
Both the outer and inner integuments become distinguished
at the time of differentiation of the archesporium. At the beginning, the outer integument remains arrested on the funicular side. The archesporium in the young ovule is hypodermal
and cuts off a primary parietal cell (fig. 5K). The primary parietal cell and the apical cells of the nucellar epidermis undergo
repeated divisions so that the mature female gametophyte is
located deep within the massive nucellus, under nine to 12 parietal layers. Two to three sporogenous cells are sometimes observed, but only one of them enlarges conspicuously and
transforms into the megaspore mother cell (fig. 5L). As a result
of reduction division, the megaspore mother cell forms a linear
tetrad of megaspores after a normal dyad stage (fig. 6A). Only
the chalazal-most megaspore functions, while the other three
degenerate almost simultaneously (fig. 6B).
The functional megaspore enlarges as a result of vacuolation and forms a uninucleate female gametophyte (fig. 6C).
As the uninucleate gametophyte undergoes rapid enlargement, three successive mitoses occur, forming the two-, four-,
and finally eight-nucleate female gametophyte (fig. 6D–6I).
Within the mature female gametophyte, the three cells at the
micropylar end form the egg apparatus, comprising two synergids and an egg cell (fig. 6G, 6H). The three cells at the
chalazal end form three ephemeral antipodals, which disappear before fertilization (fig. 6H, 6I). The two polar nuclei,
one derived from the micropylar end and one from the chalazal end, fuse near the antipodals soon after the female gametophyte organization, resulting in a large secondary nucleus
(fig. 6H). Formation of the mature female gametophyte in
monoecious individuals coincides with the production of
three-celled pollen grains in male individuals.

Pollination Experiments
Artificial pollination showed that pollen from both male
and monoecious individuals is effective at causing seed pro-

duction. Pollen of the two sex morphs germinated within ca.
2 h of deposition (fig. 6J, 6K). Both the self-pollination and
the cross-pollination treatments using pollen from male plants
resulted in fruit and seed production, indicating that T.
daniellii is self-compatible. Most flowers in each pollination
treatment produced fruits containing viable seeds.

Discussion
Our study revealed an unusual type of dimorphic sexual
system in Tetradium daniellii that, to our knowledge, has not
been reported previously. Its individuals are either staminate
or monoecious. The monoecious plants maintain a stable sex
phenotype, which combines interfloral protandry and monoecy. This sexual morph produces separate male and female
flowers within the inflorescence, and male and female sexual
functions are temporally separated among flowers. Monoecious individuals exhibited complete dichogamy in 3 out of
5 yr during our study, with male and female phases separated
by a gap of a few days. However, the dichogamy was incomplete in the other 2 yr, producing a very slight overlap between the sex functions of a small percentage of male and
female flowers. In monoecious trees, the expression of dichogamy could be related to temperature, which was cooler
in 2003 and 2004 than in other years. Effects of temperature
on expression of dichogamy have also been reported in Acer
saccharum (Gabriel 1968).
The male individuals we followed produced exclusively
male flowers in 4 out of 5 yr. However, one of them bore
a single fertile female flower in an otherwise male inflorescence in the other year. This indicates some flexibility in phenotypic expression. Male flowering in male plants coincides
with the beginning of female flowering in monoecious plants,
while male flowering in monoecious plants precedes female
flowering in these plants. Thus, male plants appear to accomplish all male reproduction, while monoecious plants appear
to have an exclusively female function. The male flowers of
monoecious plants appear to have no direct role in siring
seeds. Their presence might be an example of a nonadaptive
character that is being eliminated by selection, which would
lead to dioecism. It is also possible that these flowers play
some role in alerting pollinators to the locations of female
plants (Mitchell et al. 2004), which they visit subsequently
during the female flowering period.
Studies on early floral development are helpful for understanding the mature structure of flowers and in testing hypotheses concerning the evolution of sexual systems (Gallant
et al. 1998; Ronse Decraene et al. 2002). For instance, in dioecious Rhus hirta (Anacardiaceae), the similarities in early
stages of the development of pistillate and staminate suggest
retention of morphological characteristics of hermaphroditic
ancestors. Furthermore, the species may be at an intermediate stage in acquiring dioecy by reduction of the organs of
opposite sex (Gallant et al. 1998). The present investigations
of floral ontogeny show that T. daniellii is hermaphrodite in
its organization, and a common set of floral organs (sepals,
petals, stamens, and pistils) arises in all flowers during early
development. Selective abortion of gynoecium and androecium subsequently produces unisexual male and female

ZHOU ET AL.—SEXUAL SYSTEM OF TETRADIUM DANIELLII
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Fig. 6 Female gametophyte development. A, Linear megaspore tetrad (arrows) is formed as result of meiosis of the megaspore mother cell. B,
Chalazal megaspore (arrow) is functional, while the other three megaspores have degenerated. C, Uninucleate embryo sac is formed (arrow shows
nucleus in embryo sac). D, Two-nucleate embryo sac is formed (arrows show two nuclei in embryo sac). E, Two nuclei (arrows) of four-nucleate
embryo sac. F, Other two nuclei (arrows) of a four-nucleate embryo sac in E. G, Two synergids of mature embryo sac. H, Egg cell (short black
arrow), a secondary endosperm nucleus (long black arrow), and an antipodal cell (white arrow) of mature embryo sac in G. I, Two antipodal cells
(arrows) of the embryo sac in G. J, K, Pollen grain of male plant is germinating on stigma (SEM micrographs). K, Pollen grain of monoecious plant
is germinating on the stigma on the same individual. Scale bars ¼ 30 mm for A–I and 4 mm for J and K.

flowers. Staminate flowers in the two sex morphs are indistinguishable in morphology throughout organogenesis.
Hence, the early development of flowers in T. daniellii strongly
supports the contention that unisexual flowers in the species
are derived from hermaphroditic ancestors.

Floral development of T. daniellii resembles that of Phellodendron amurense, a dioecious species of the subfamily Toddalioideae, in the initiation of four whorls of floral organs,
the formation of unisexual flowers, and the production of
a gynophore (Zhou et al. 2002). This substantiates the idea
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of Hartley (1981) that Tetradium and Phellodendron are
closely related.
The anther and male gametophyte develop normally in staminate flowers of both the male and monoecious trees, producing pollen grains that do not differ in morphology or
structure. Pollen grains of both sexual morphs are fertile and
can germinate on the stigmas of female flowers in nearly
equal time. Pistils pollinated using male flowers of either
male or monoecious individuals set fruit that contained viable seeds. As mentioned above, female gametophytes of the
female flowers do not mature until several days after male
flowers in monoecious individuals have released pollen and
completely fallen. The occurrence of mature female gametophytes in monoecious plants coincides with the shedding of
pollen in male plants.
Three possible evolutionary pathways for the origin of dioecy are generally distinguished: from hermaphroditism via
gynodioecy (the coexistence of female and hermaphroditic
individuals), via monoecy, and via distyly (Ainsworth 2000;
Barrett 2002a). Sexual sterility mutations that produce unisexual flowers are a necessary initial step for the evolution of
dioecism from hermaphroditism. The evolution of dioecism
directly from hermaphroditism is considered unlikely because
two independent male- and female-sterility mutations must
occur simultaneously and the mutant genes must be tightly
linked so that the generation of hermaphroditism does not occur by recombination. Some workers think that gynodioecy
is the most likely intermediate evolutionary step from
hermaphroditism to dioecism (Darwin 1877; Lloyd 1975;
Charlesworth and Charlesworth 1978; Ross 1978; Bawa
1980). In this pathway, male-sterility mutations spread in cosexual populations, resulting in gynodioecy. Then, genetic
modifiers of female fertility occur in hermaphrodites, converting them to males, resulting in dioecism.
The second evolutionary pathway to dioecy suggested by
Barrett (2002a) and Ainsworth (2000) is through monoecy. A
monoecious population could evolve into a dioecious one
through disruptive selection on quantitative genetic variation
that alters floral sex ratios. The production of specialized
male and female flowers in monoecious plants is a developmental regulation rather than a gender separation, as in the
case for dioecy. Studies on wasp-pollinated dioecious figs
(Ficus spp.) of tropical forests showed clearly that these species have evolved from monoecious ancestors (Ainsworth
2000). Comparative evidence suggests that dioecy has evolved
most frequently via monoecy (Renner and Ricklefs 1995). A
recent molecular phylogenetic study also provides convincing
evidence of multiple origins of dioecy from monoecy in the
family Siparunaceae (Renner and Won 2001). However,
Weiblen et al. (2000) proposed in the context of a phylogeny
of monocotyledons that dioecy probably evolved more
often from hermaphroditism than it did from monoecy or at
least that the rate at which monoecy gave rise to dioecy is no
higher than the rate at which hermaphroditism gave rise to
dioecy.
The third possible pathway to dioecy through distyly involves increasing gender specialization of the long-styled type
for femaleness and the short-styled type for maleness (Barrett
2002a; Ainsworth 2000). Little is known of the genetic basis
of this transition.

Selection for outcrossing and selection for sexual specialization are considered to be the two forces that drive the evolution of dioecy (Freeman et al. 1997). Some workers argue
against the view that inbreeding avoidance is the primary
driving force behind the evolution of dioecy and believe that
the evolution of dioecy is primarily attributed to selection for
sexual specialization (Darwin 1877; Willson 1979; Freeman
et al. 1997). Close cosexual relatives of most dioecious plants
possess other mechanisms promoting outcrossing (e.g., herkogamy, dichogamy, self-incompatibility, or monoecy). This
indicates that these mechanisms precede dioecy in terms of
evolutionary appearance. Many researchers believe that
sexual specialization could result in greater efficiency of specialist male and specialist female individuals (Darwin 1877;
Freeman et al. 1976, 1980, 1993, 1997; Charlesworth and
Charlesworth 1978; Charnov 1982; Cox 1988; Kohn 1989;
Bertin 1993; Bertin and Newman 1993; Ashman 1994;
Costich and Meagher 2001).
Historically, dichogamy has been interpreted as a mechanism for avoiding inbreeding. However, modern studies revealed that the evolution and maintenance of dichogamy
may be attributed to multiple selection pressures (Lloyd
and Webb 1986; Bertin and Newman 1993). Avoidance of

Fig. 7 Proposed evolutionary pathway of the sexual system in
Tetradium danielli.
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self-fertilization does not have the universal importance in
the evolution of dichogamy that is traditionally attributed to
it. A comparative survey of more than 4200 species by Bertin
and Newman (1993) showed that dichogamy was present
in 73% of 160 self-incompatible species (from 55 families)
and 75% of 673 self-compatible species (from 89 families).
Because self-incompatible species can prevent self-fertilization,
this redundancy seems inconsistent with the hypothesis
that dichogamy is exclusively an inbreeding avoidance
mechanism. Some plant reproductive biologists suggest that
avoidance of pollen–pistil interference has been the most important factor driving the evolution of dichogamy (Lloyd and
Webb 1986; Bertin and Newman 1993). We suggest that
avoidance of pollen–pistil interference in T. daniellii is likely
responsible for the evolution of dichogamous monoecy from
common simultaneous monoecy. We postulate that both
male and monoecious plants in T. daniellii evolved from hermaphroditic ancestors via a simultaneous monoecious pro-
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genitor (fig. 7). The male flowers of monoecious individuals
do not pollinate female flowers within the same population
in most of the years of our observation. Although we cannot
rule out the possibility that the male flowers of monoecious
individuals could potentially pollinate female flowers in other
populations via visiting bees, the male flowers of monoecious
individuals make little if any contribution to reproduction,
and so we expect that these populations will eventually become dioecious (fig. 7).
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